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1. SUMMARY OF RESEARCH

The objective of the work of this research program was to obtain
«n understanding of the mechanisms that control high temperature deformation
in metal single crystals rontaining non-deformable particles, in the hope that
such information will aid in understanding the complex mechanical behavior
ol commercial, polycrystalline, dispersion strengtheuned alloys. This
objective was motivated by the belief thar the presence of grain boundacies
invariably degrades the creep and rupture properties of commercial dispersion
strengthened metals and confusas efforts to understand their properties. We
believe our work has made it easier to understand the unusual properties
of dispersion strengthenel metals. We hope that the desigr and development
of dispersion strengthened metals wili be facilitated by the ideas we have
developed.

The main thrust of our experimental work has been on single crystals
of 51-206r~21h02. By studying the creep propecties of this material we
have been able to develop a ver,y simple and rational explanation of the unmisual
properties of dispersi'n srrengthened metals. In particular, nur work
has indicated that the very high activation energies and stress exponents
that have been reported fcr these materials have a direct and natural
explanation. Also, thewmusual! am! sometimes unpredic:able propecties
of polycrystalline dispersion strengthened metals can now be understood
as a result of cur work on single crystals. This work has been published:

B. W. Lund and %. U Nix, "High Temperature Creep of Ni-20Cr-2ThO. Single

2
Crystals", Azta Mes. 24, 469 (1976). Copies of this paper are attached as
requested,

The wrinsipal finding of this research has beea tihat, for all

practical purpna.e , the Orowan passing stre.s controls the high temperature
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creep properties. Our eiveriments show that measureable creep does not
occur below a critical stress close to the Orowan stress. Furthzsrmore,
we find that the creep rate above the critical stress is precisely what

opu would expect for the matrix in question (Ni-20Cr) if the difference
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between the applied stress and the critical stress is regarded as the

b

driving force for creep. This simple model describes the creep rate :
to within a factor of 3 at all stresses and “emperatures. It foliows

from the idea of the critical stress that the siress expoaent will b2 iarge
and variable. W¥hen the stress is just slightly above the r:itical stress
the criep rate is extremely stress sensitive because a small variation in
the xpplled stress might ccrrespend to an enormous change in the eifective
stress. In this way we have showm that the stress expunents for creep

of dispersiun strengthensd metals can have virtually any value, provided tlhat

the applied stvess is judiciously fixed with respect to the critical stress.
Since th: .-eep rate in dispersion strengthened metals depends very

seasitively on st :ss, it folicws that the apparent activation energy can

be anomalously large. Thic occurs becaus. cree, deformation depends -n

the rati. of the stress to the¢ elastic mcdulus; a large stress dependence

inplies a cor:espondingly lacge dependence on elastic modulus. Since the

elastic modv.us is teaperature dependent, ir follows that the creazp rate

is teaperature dependent not only through the activation energy but also through

the temperature dependent elastic wodulus. We have shown thac the high

activation erergies that have been reported for dispersion strengthened metals

cesult frea the temperature depevdence of the elastic modulus. When

a correction for this temperature dependence is wade the activation energy

fallswry close to that for self diffuaion, just as it does for pure petals
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and sclid solutions. In the present work on Ni-20Cr-2ThO, single crystals

2
we also find the creep activatinn energy to be that for self Jdiffusion.
This work has been published: R. W. Lund and W. D. Nix, "On High Creep
Activation Energies for Dispersion Strengthened Mecals", Mec. Trans. 6A,

1329 (1975). Copics of this paper are attached as requested.

Our experiments onr single crystals help to explain the upnusual

properties that have been observed for polycrystalline dispersion strengtheaed
netals. Polycrystals creep at applied suresses that are well below the
Orowan stress. This is the result of grain boundary sliding and the develop-~
neut of stress concent:ations ar grain boundary junctions. At points of stress
concentration the Orowdn stress is exceeded and creep occurs. Elsewhere

in the sample the Orowan stress or critical stress is rot exceeded and

creep does not occur. Fr. ture evidently occurs before the entire sample

can undergo creep de.ormation., Thus creep in polycrystalline samples

is a highly irhocogeneous process. In single crystals the deformation occurs
more homogeneovusly with the consequence that the basic mechanisas are nore
clearly revealed.

ASs noted above, our work on the creep properties of Ki—ZOCr-2Th02
indicated a cricical threshold stress below which creep could not be
detected. Our early work indicated that tre critical stress is close
to tie Orowan dowing siress for our crystals. Wwe made this determination
by comparing the measured crit.cal stress with that calculated on the basis
of the observed ThO2 rarticle spacing. However, such calculations always in~
volve certa.: uaknowns so that we cannot pinpoint the Orowan stress
exactly. 11 an effor: to strengthen this part of our work we measured the

roon temperature yield strength of oriented crystals of !»'i-ZOCr-ThO2 and

obtained the Uruowan sttess rxperimentally. The results indicated that althouzh
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the creep threshold stress is close to the Orowan stress as we had deduced
earlier, in fact the threshiold stress 1lies sonewhat below the Orowan

stress (Lhe threshold stress is about 6575 o! the Orowan stress). This

result is important because it indicates that we have, indeed, detected
measurcable creep below the Orowan stress. This is  expzcied theoretically.
This refinement of our understanding of the threshold stress dues not

alter our general finding that the Orcwon stress controls virtually all of the
creep properties of dispersion strengthened crystals. This work hus been
accepted for publication: G. M. Pharr and V. D. Nix, "A Comparison of the
Orowan Stress with the Threshold Stress for Creep tor Ni—20Cr—2Th02 Single
Crystals” (to be published in Scripta Met.) a copy of the preprint is attached
as requested.

Our study has indicated that dispersion strengthened single crystals

are inherently very ductile. While po’verystalline dispersion stren~thened

metals typically fail in creep after about one percent strain, our single
crystals showed very much higher ductility. We find elongations to

failure as high as 30% and reduction of areas iypically in the 60-80X range.
These ductilities are achievable because high angle grain boundaries are
not present to cause fracture. Failure in these crystals occurs by the
onset of plastic instability and neckiug. We have made a theoretical study
of this kind 5f failure prucess. It indicates that the clongation to failure
shouldbe a very sensitive function of the appareat stress exponent for
creep.  in terms of our present understanding of creep in dispersion
strengthenad crystals the prediction is that the creep elo.gation to

failure becomes very small when the applied stress is ~aly slightly

greater than the critical threshold stress. This predicticn is verified
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by thexperimental results. This theoretical work has been published: M. A,
Burke and W. D. XNix, "Plastic Instabilities in Tension Creep", Acta Met. 23,
793 (1975). Copies of this paper are attached as requestaed.

We have always been interested in the physical mechanisas by which
treep occurs in dispersion strengthened metals. Our first theoretical
effort was to study the rate at which edge dislocations climb over circular
inclusions. Though the geometry of this problem is somewhat artificial,
this study laid the ground work for our later theoretical analyses. Our
first study did indicate that the elastic properties of the dispersed
phasexe not likely to be important to creep in dispersion strengthened
crystals. This work has been published: .i. H. Holbrook and W. D. Nix,
"Edge Dislocation Climb Over Non-Deformable Circular Inclusions', Met. Trans.
5, 1033 (1974). Copies of this paper are attached as requested.

A more complete theoretical study of dislocation over non-deformable
inclusionsins been completed. The basic thrust of our study has been
to determine why creep occurs so slowly below the Orowan Stress. We
have made a completely new analsis of this problem taking iato uccount
the configuration of the dislocation as it climbs over the particle.
This analysis indicates that the creep rate should drop rapidly below the
Orowan stress, in agreement with our observations. We have also shown that
the stacling fault energy may influyence the creep rate by naking it impossible
for soze dislozations to climb over particles. Considering all of these
factors, we have been able to develop a quantitative description of creep
below the Orowan stress that is conmsistent with our experiments. This work
is now completed and is described in John lHolbrooks PhD Thesis. Journal
articles describing this work are now in preparatior.

Our study of the .reep properties of dispers.on strengthened single

crystals has raised a numher of questions about the mechanismg responsible
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fer creep flowin particle strengthened systems. In an effort co answer these

questions mdprovide a fuller understanding of creep in these materials

we have valercaken a transmission electrun microsceopy study of the creep

substructure in Si-ZOCr-ZlhOz. To our surprise we find the dislocation

density and subgrain size to be almost exactly vhat one wculd expect

for a pure metals or simple solid solution. The dispersion that so dramatically

improves the strength has virtually no effect on the subst ucture. We

are presently using this information as a basis for comstructing a more

conplete and detailed theoretical picture creep in dispersion strengthened

metals. Our transnission electron microscopy .ark is now complete. A paper

has been prepared for publication and «will be submitted to Acta Met. this ronth.
During the last year of this program the crientation of our work

has beer changing. We are now engaged in 2 study of the processing

of dispersion strengtheaed metals. We are interested in mechanical

alloying as well as in thce thermo-mechanicsi processing needed to preduce

elongated grain structures. We have developed the techninue for mechanical

alloying andluve reproduced certain classical experiments. We have

also succeeded in nmechanically alloying aluwsinum powder that may contain

a fine dispersion of A120 This work was described in our recent proposal

3
te AFOSR, We have also succeeded in making clongated grain structures

in an Al-Si allov. U2 expect to be able to understand the factors that

lead to elonzated grain strcutres py studying this and other sinmple systems.

St i s Sl A

™




A

1I. PUBLICATIONS, REPORTS AND DISSERTATIONS RELAVING TO GRANT AFOQSR-

73 - 2634

A. Publications

1.

2,

J. H. Holbrook and W. D. Nix, "Edge Dislocation Ciimb over
Non-Deformable Circular Inclusions" Metall. Trams., 5,(1974)1033.

1. Vikram Rao and W. D. Nix, "Creep in Binary Solid Solutions:

A Possible Explanation for Aunomalous Behavior" Scripta Met.,

7 {1973) 1255.

M.A. Burke and W. D. Nix, "Plastic Instahbilities it Tension Creep",
Acta Met., 13 (1975) /93.

R, W. Lund and W. D. Nix, "On High Creep Activation Energies
for Dispersion Strengthened Metals', Metall. Trams., 64 (1975), 1329.

R. W. Lund and ¥W. D. Nix, "High Temperature Creep of Ni-20Cr-2Th02
Single Crystals", Acta Met., 24 (1976) 469.

G. M. Pharr and W. D. Nix, "A Comparison of the Orowan Stress
with the Threshold Stress for Creep for Ni-ZOCr—ZThO2 Single
Crystals" (to be published in Scripta Met.).

B. Ph.D. Dissertations

1.

R. W. Lund, "A Study of High Temperature Creep of Dispersion
Strengthened Ni and Nj-20Cy" Ph.D. Dissertation, Stanford
University (1975).

J. H. Holbrook, "A Theoretical Investigation of Creep of
Dispersion Strengthened Crystals', Ph.D. Dissertation,
Stanford University (1976).

C. Oral Presentations (speaker underlined).

1.

W. D. Nix, "On the Existence of Steady State Creep,"
Department of Mechanical IUngineering, University of
Colorado, Boulder, Colorado (December, 1973).

W. D. Nix, "On the Existence of Steady State Creep,"
Department of Metallurgical Engineering, Colorado
School of Mines, Golden, Colorado (December, 1973).

U. D. Nix, "Plastic Instabilities in Tension Creep"
Air Force Conference on: Fracture and Fatigue of Two
Phase Materials - Effects of Plastic Instability
Fairborn, Ohio (September, 1974).

W, D. Nix, "High Temperture Creep of Dispersion Hardened
Single Crystals" TMS-AIME (invited paper) iniversity of
Toronto (May, 1975).




PO pm

h '

i I1I. PROFESSIONAL PERSONNEL %
g ; : The following pzrsonnel of the Department of Materials Science and %
- & Engineering at Stanford have been engaged in this research program:
; Principal lnvestigator:
5 E Dr. wWilliam D. }Nix, Professor
% Research Associate:
; Dr. Jurgen Hausselt, Ph.D. University of Erlangen, Germany

% Graduate Research Assistants:

§ Mr. John H. Holbrook, B.S., University of Cincimmac.,
] M.S., Stanford University
Mr. Richard ¥. Lund, B.S., M.S., University of Wisconmsin

Br oo o

.
R AT
s L bt s L R

Iy

Mr. Paul S. Gilman, B.S., University of Pennsylvania
M.S., Stanford University

PAACRE Lo

Mr. George M. Pharr, B.S. Rice University

L s

TN

LAt

TR

Sk R e e

R RPE

£
¢
=
:
£
:
3




